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Remote state preparation of single-photon orbital-angular-momentum lattices
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Optical beams with periodic lattice structures have broadened the study of structured waves. In the present
work, we generate spin-orbit entangled photon states with a lattice structure and use them in a remote state
preparation protocol. We sequentially measure spatially dependent correlation rates with an electron-multiplying
intensified CCD camera and verify the successful remote preparation of spin-orbit states by performing pixel-
wise quantum state tomography. Control of these structured waves in the quantum regime provides a method for
quantum sensing and manipulation of periodic structures.
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I. INTRODUCTION

Advances in experimental methods have enabled the cre-
ation of structured beams of neutrons [1]. Matter-waves with
structured phase fronts are formed with many different strate-
gies ranging from spatially dependent magnetic fields [2–4]
to spiral phase plates made of thin graphite films [5]. The
formalism of quantum information science is system agnostic,
allowing translation of the physics of one system to that of
another. In order to move from neutrons to photons, spin is
replaced with polarization, and the magnetic field gradients
are replaced with birefringent gradients. Using this correspon-
dence, a lattice of spin-orbit states originally developed for
neutrons has been implemented with photons. Optical lattices
have led to studies of optical Talbot physics of structured
orbital angular momentum (OAM) light beams [6,7], optical
lattice structure shaping [8,9], and direct detection of optical
spin-orbit states by the human eye [10,11]. By translating the
physics of a periodic structure of spin-orbit states further in
photonics, we can take advantage of additional capabilities
such as multiparticle entanglement. This opens the possibility
for quantum correlations in structured beams and the capabil-
ities that come with them.

The periodicity of these structured waves are suited for
quantum sensing or control of periodic structures [12–14].
The interference of OAM lattices has been used to build
all-optical quantum memory devices [15], and the average
deviation of atoms relative to their lattice sites has been mea-
sured continuously and nondestructively with optical lattices
[16]. OAM provides access to a high-dimensional Hilbert
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space which can enhance the information capacity of a
single particle [17,18], while the more easily manipulated
polarization degree of freedom can be used for enhanced
control and measurement [19–25]. Working with the OAM
and polarization degrees of freedom simultaneously combines
the advantageous characteristics of both [26–31]. To char-
acterize and verify spin-orbit entanglement, quantum state
tomography has been done previously using OAM projective
measurements with a spatial light modulator [32], and with
spatially dependent polarization measurements using an in-
tensified CCD camera [33]. Structured waves have recently
attracted attention in the quantum communication commu-
nity specifically in turbulence studies [34,35]. Correlations
between polarization and OAM have shown preservation of
the encoded state after propagation through scattering media
[36].

In this work, we generate spin-orbit entanglement between
the polarization of one photon and the transverse beam profile
of the other. Polarization measurement enables production
of distinctly different structured beams, and the correlations
between these beams and the polarization can be used to
verify entanglement. We confirm the entanglement using a
quantum state tomography procedure between the polariza-
tion of one photon, and the position-dependent polarization of
its entangled partner. With these correlations, we implement a
remote state preparation (RSP) protocol to prepare structured
single photon beams. RSP involves transferring a quantum
state known by one party to another party via entanglement
[37–39], and has applications in large-scale quantum commu-
nication networks [40–43]. In our case, a RSP protocol is used
to prepare signal photon spatial patterns conditioned on idler
photon polarization measurements. The spin-orbit coupling
method presented expands lattice structured light preparation
and measurement further into the quantum regime.

2469-9926/2021/104(5)/L051701(5) L051701-1 ©2021 American Physical Society

https://orcid.org/0000-0002-3739-9313
https://orcid.org/0000-0002-5965-4338
https://orcid.org/0000-0003-1470-516X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.104.L051701&domain=pdf&date_stamp=2021-11-22
https://doi.org/10.1103/PhysRevA.104.L051701


ANDREW R. CAMERON et al. PHYSICAL REVIEW A 104, L051701 (2021)

FIG. 1. Schematic of the experiment. Polarization-entangled photon pairs are generated via type-II spontaneous parametric down-
conversion in a Sagnac interferometer and coupled into single mode fibers. After propagating through a 30 m fiber, the signal photon is sent
through a telescope with 8.3× magnification ( f1 and f2 lenses), two sets of “lattice of optical vortices” (LOV) prism pairs, and polarization
analyzing optics. The signal photons are then gated to an electron-multiplying intensified CCD (emICCD) camera, triggered by the detection
of the corresponding polarization-filtered idler. The imaging arrangement in the detection unit consists of a telescope with 4× demagnification
( f3 and f4 lenses) followed by a lens ( f5) that images the beam onto the detection plane of the emICCD camera.

II. THEORY

We consider polarization-entangled photon pairs which
are described by the Bell state |�+〉 = 1√

2
(|LR〉 + |RL〉),

where we denote right-handed circular and left-handed cir-
cular polarization states by |R〉 = 1√

2
(|H〉 + i|V 〉) and |L〉 =

1√
2
(|H〉 − i|V 〉). Polarization states |H〉 and |V 〉 correspond

to |0〉 and |1〉, respectively, in the computational basis. As
described in Ref. [44] in more detail, a lattice of spin-orbit
states is obtained by passing circularly polarized light through
perpendicular pairs of birefringent linear gradients whose op-
tical axes are relatively offset by 45◦. The operators of the two
perpendicular birefringent gradients are described by

Ûx = ei π
a (x−x0 )σ̂x , Ûy = ei π

a (y−y0 )σ̂z , (1)

where the origin of the gradients is given by (x0, y0), σ̂x,z

are Pauli matrices, and a = λ(�n tan(θ ))−1 is the spacing
between neighboring lattice sites with wavelength λ, prism
birefringence �n and prism incline angle θ . By sending one
photon through N = 2 sets of lattice of optical vortices (LOV)
prism pairs, we prepare the spin-orbit entangled lattice state

∣∣�N=2
LOV

〉
(x, y) = α(x, y)√

2
[(ÛxÛy)2 ⊗ I2]|�+〉, (2)

where α(x, y) describes the incoming Gaussian beam enve-
lope, and I2 is the two-dimensional identity matrix.

Applying the operators in Eq. (1) on the polarization state
|R〉 yields

(ÛxÛy)2|R〉 = A(x, y)|R〉 + B(x, y)|L〉, (3)

where A(x, y) and B(x, y) are complex-valued amplitudes.
The LOV prism pairs are thus represented by unitary matrices
that couple the polarization of a photon to its spatial mode.
Different polarization projections on the spin-orbit lattice state
lead to different intensity patterns. To simulate these inten-
sity patterns, polarization projections were applied to Eq. (2).
Furthermore, we applied a Gaussian beam profile to the the-
oretical images in order to account for the beam intensity
envelope.

The two-photon density matrix is recovered via maximum
likelihood quantum state tomography. The information of
interest is encoded in the complex two-dimensional spatial
functions as seen in Eq. (3), and a single photon camera
captures intensity measurements of the entire pattern simulta-
neously. Each of the camera’s pixels are treated like individual
detectors when computing tomography. A pixel-wise algo-
rithm loops through them and uses the maximum likelihood
tomography approach specified in Ref. [45]. By recovering
the density matrix at every pixel, we can witness entanglement
between polarization and each transverse position in the beam
and verify remote state preparation.

III. EXPERIMENTAL METHOD

A schematic of our experimental setup is depicted in Fig. 1.
We generate entangled photon pairs using type-II spontaneous
parametric down-conversion in a Sagnac interferometer [7].
We pump a 10 mm long periodically-poled potassium ti-
tanyl phosphate crystal with a 404-nm continuous wave diode
laser to produce signal and idler photon pairs, both centered
at 808 nm with a spectral bandwidth (full width at half
maximum) of approximately 0.4 nm. The outputs of the inter-
ferometer are coupled into single-mode fibers. Immediately
following the polarization-entangled source, we measured a
|�+〉 polarization state fidelity of 96%. The signal photons
are first sent through an optical telescope to be magnified by
a factor of 8.3, followed by two sets of LOV prism pairs.
The magnification controls the number of lattice periods in
the emerging intensity pattern by illuminating a larger portion
of the prisms.

The modified signal photons are sent through polariza-
tion analyzing optics which consist of a half-wave plate, a
quarter-wave plate and a polarizing beam splitter. Finally,
we demagnify the beam by a factor of 4 by means of a
second optical telescope and send the signal photons to an
emICCD camera (PI-Max4: 1024 EMB). The idler photons
are directly sent to polarization analyzing optics and detected
by an avalanche photodiode which triggers the emICCD.
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FIG. 2. Theoretical predictions and experimental results. Rows (columns) are organized by signal (idler) projective measurements labeled
by the corresponding polarization. (a) Theoretical evaluation of the 16 measurement configurations over a 140 × 140 grid. (b) Experimental
results of the 16 measurement configurations over a 140 × 140 pixel area. All theoretical intensity patterns are normalized and all experimental
intensity patterns are normalized and postprocessed using background subtraction and an adaptive two-dimensional Gaussian image filter. The
emICCD camera records photon counts, and an artificial color scheme representing intensity was used for visual clarity.

Signal photons pass through a 30-m spool of single-mode fiber
in order to compensate for electronic delay. Once the idler
photon triggers the camera, an electronic gate in the emICCD
collects data for 3 ns. We measure all 16 combinations of the
tomographically complete set |H〉, |V 〉, |D〉, and |R〉 on the
signal and idler photons. For each polarization measurement,
we accumulate signal photons for 2000 exposures and trigger
the camera at a rate of 15 kHz. Every exposure takes about
2.35 sec to record. We focus on a 140 × 140 pixel area on the
camera, where each pixel is 13 μ m ×13 μ m.

IV. EXPERIMENTAL RESULTS

In Fig. 2, we show a comparison of theoretically calcu-
lated and experimentally measured two-dimensional intensity

patterns for all 16 measurement configurations. The theo-
retical predictions in Fig. 2(a) and the experimental data
in Fig. 2(b) are in qualitative agreement. LOV prism pair
alignment challenges associated with setting and maintain-
ing the phase leads to slight pattern distortion as compared
with theory. In both cases, we used a grid of 140 × 140
points. In the image plane of the emICCD, the simu-
lated lattice spacing in Fig. 2(a) is 0.519 ± 0.015 mm,
while the measured lattice spacing in Fig. 2(b) is 0.522 ±
0.013 mm. For the purpose of computing the density ma-
trices, the raw counts from the sum of exposures are used.
However, when viewing the intensity distributions, the raw
intensity profiles are post-processed using background sub-
traction and an adaptive two-dimensional Gaussian image
filter.

FIG. 3. Plots of pixel-wise maximum likelihood tomography by means of the fidelity of all four Bell states. (a) Tomography seeded with
simulated intensity distributions shown in Fig. 2(a). Tomography seeded with experimental intensity distributions shown in Fig. 2(b). In both
cases, |�+〉, |�−〉, |�+〉, and |�−〉 Bell state fidelities are shown. There is good qualitative agreement between experiment and theory, with a
reduced experimental fidelity overall.
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FIG. 4. Histogram of the highest Bell state fidelity over all pixel
positions. A red line is overlaid at 0.5 fidelity. All pixels with a
fidelity greater than 0.5 with one of the four Bell states are definitely
entangled. Using this metric, 42.5% of all pixels in the camera’s
region of interest are entangled.

We take the theoretical [Fig. 3(a)] and experimental
[Fig. 3(b)] density matrices calculated at each position and
present the fidelity with each of the four Bell states. For
example, the top left image in Fig. 3(a) shows how similar
the theoretical density matrices, ρ(x, y), are to the |�+〉 Bell
state by plotting the fidelity, F (x, y) = Tr(ρ(x, y)|�+〉〈�+|),
at every pixel position (x, y). The input to the LOV prism
pairs is the |�+〉 Bell state as shown in Eq. (2), and you can
see from the top left images in Figs. 3(a) and 3(b) that the
areas around the ring-shaped regions, along with the center
of these regions, have had a phase rotation of a multiple of
2π from the starting |�+〉 Bell state. Looking at the four
quadrants of Figs. 3(a) and 3(b), it is apparent that at different
pixel positions, the input state has been rotated to other Bell
states. Pixel-wise quantum state tomography therefore enables
a visualization technique to show how the spin-orbit lattice
state evolves across the transverse beam profile. The theoret-
ical and experimental Bell state fidelities plotted in Fig. 3 are
in qualitative agreement, and there is a reduced experimental
fidelity across all pixels.

A histogram presenting the highest Bell state fidelity at
each pixel position is presented in Fig. 4. In the experimen-
tal case, 42.5% of pixel locations have a fidelity of more
than 0.5 with one of the four Bell states. This is a wit-
ness of entanglement between the signal photons measured
at the pixel locations and the idler photons that trigger the
camera because qubit separable states cannot achieve a Bell
state fidelity of more than 0.5 [46]. In the theoretical case,
85.7% of pixel locations are a witness of entanglement in
this way, so even with perfect image contrast and quantum
state preparation, not all positions of this pattern significantly
overlap with one of the four Bell states. However, plotting

Bell state fidelities helps to illustrate the spatially dependent
rotation of the two-photon spin-orbit lattice state. White noise
of the form ρnoise = �ρtheory + 1

4 (1 − �)I4 can be introduced
to model the discrepancies between the total number of entan-
gled pixels in the theoretical and experimental density matrix
reconstructions. When � = 0.4, the percent of pixel locations
exhibiting entanglement drops to the experimentally realized
42.5%. We attribute the difference to be a consequence of
prism alignment, detection noise, and imperfect input polar-
ization entanglement.

Another common measure of entanglement used for ex-
perimental bipartite systems is concurrence, C. It can be
calculated as C = max{λ1 − λ2 − λ3 − λ4, 0}, where λi are
the square roots of the eigenvalues of the matrix ρρ̃, ρ̃ =
(σy ⊗ σy)ρ∗(σy ⊗ σy), and ρ is the two photon density ma-
trix [47]. Concurrence was calculated at every pixel location
which resulted in an average value of 0.272 in the experi-
mental data. This is further proof of entanglement because a
concurrence greater than zero is not possible for a separable
state.

V. CONCLUSION

In this work, we report on the implementation of a re-
motely prepared optical lattice of spin-orbit states by means of
polarization-entangled photon pairs. We experimentally verify
the successful remote preparation of this spin-orbit entangled
state with an emICCD camera using a pixel-wise maximum
likelihood quantum state tomography algorithm. We observe
that the entanglement present in the joint two-photon quantum
state transforms such that there are overlaps with different
Bell states depending on which portion of the LOV prism
pairs the signal photon travels through. Furthermore, we have
shown that pixel-wise tomography on images acquired by
an emICCD camera provides a useful method for observing
spatially dependent two-photon states.

In future work, we plan to study lattices with a higher
number of LOV prism pairs to access higher radial quantum
numbers and thus a larger alphabet to encode spin-orbit states
for quantum communication protocols. Our work advances
the study of quantum correlations of structured beams with
lattice frameworks, as well as quantum sensing and control of
periodic structures where we can take advantage of the lattice
patterns of our spin-orbit states.
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